Introduction
Acoustically guided behavior depends on the integration of information from frequencies across the audible spectrum. Spectral integration is essential for localization of sounds (Hebrank and Wright, 1974, Knudsen and Konishi, 1979; Middlebrooks, 1992; Populin and Yin, 1998) , perception of conspecific vocalizations in social interactions (Park and Dooling, 1985; Boothroyd et al., 1996; Shannon et al., 2004; Moore, 2008) , and analysis of sonar echoes (Simmons et al., 2004; Genzel and Wiegrebe, 2008) . Although classical excitatory tuning curves of peripheral neurons permit some degree of spectral integration, particularly at high sound levels (Sachs and Kiang, 1968; Arthur et al., 1971; Kiang and Moxon, 1974) , it is the central auditory system that creates spectrally integrative response properties based on differently tuned inputs. Examples include the broadband inhibition of type IV neurons in the dorsal cochlear nucleus (Young and Brownell, 1976; Spirou and Young, 1991) , combination-sensitive neurons in bat auditory brainstem and forebrain (Suga et al., 1978; Olsen and Suga, 1991; Mittmann and Wenstrup, 1995; Portfors and Wenstrup, 2001 ), interaural time difference-selective neurons in the barn owl's auditory midbrain (Takahashi and Konishi, 1986) , and harmonic-sensitive neurons in auditory cortex (Kadia and Wang, 2003; Metherate et al., 2005) . In each of these, auditory responses show clear evidence of convergent spectral input. These inputs must violate the prevailing tonotopic projection patterns that occur in most nuclei in the ascending pathway. However, the circuitry that underlies this physiological evidence of spectral integration is not well understood.
The current study examines circuitry associated with spectrally integrative responses in the auditory midbrain of the mustached bat, a mammalian species that depends on an analysis of spectrally complex biosonar and social vocalizations. Many neurons in the inferior colliculus (IC), medial geniculate body, and auditory cortex display combination-sensitive facilitation, a form of temporally sensitive spectral integration in which the neuron's excitatory response to its best frequency (BF) is facilitated by signals one to three octaves lower in frequency (Suga et al., 1978; O'Neill and Suga, 1979; Olsen and Suga, 1991; Mittmann and Wenstrup, 1995; Wenstrup, 1999) . The combination-sensitive response may be central to the bat's analysis of sonar target distance Suga and O'Neill, 1979; Wenstrup and Portfors, 2011) , other features of sonar targets (Suga et al., 1983) , and social signals (Ohlemiller et al., 1996; Esser et al., 1997) .
How does facilitatory combination sensitivity arise in the context of the auditory system's tonotopic organization? Facilitatory spectrotemporal interactions underlying combination sensitivity originate in the IC (Portfors and Wenstrup, 2001; Wenstrup and Leroy, 2001, Nataraj and Wenstrup, 2005; Marsh et al., 2006) and depend on distinct sets of glycinergic inputs, one tuned near neurons' high BF (Ͼ45 kHz) and another tuned at least an octave lower in frequency, usually in the range 23-30 kHz (Sanchez et al., 2008) . These inputs, when appropriately timed, are thought to activate a postinhibitory rebound excitation that evokes spike discharge (Nataraj and Wenstrup, 2005; Sanchez et al., 2008; Peterson et al., 2008) . The present study describes brainstem glycinergic circuitry underlying facilitative combination sensitivity in IC.
Materials and Methods
Sixteen adult mustached bats (Pteronotus parnellii) of either sex, captured in Trinidad and Tobago, were used to examine sources of inputs to facilitatory combination-sensitive neurons of the IC. The procedures used were approved by the Institutional Animal Care and Use Committee at Northeast Ohio Medical University (Rootstown, OH) and follow guidelines set by the National Institutes of Health for the care and use of laboratory animals.
Surgical procedures. Surgery was performed to fix a post on the animal's skull for placement of electrodes in the IC and cochlear nucleus (CN). Before surgery, each animal received an intraperitoneal injection of butorphanol (5 mg/kg, Torbugesic, Fort Dodge Animal Health) and was anesthetized with isoflurane (1.5-2.0% in oxygen; Abbott Laboratories). After the anesthetic abolished nociceptive reflexes, the hair on the bat's head was removed with depilatory lotion. A midline incision was made in the skin and the underlying muscles were reflected laterally to expose the skull. A metal pin was cemented onto the skull to secure the head to a stereotaxic apparatus used during the experiments, and a tungsten wire was cemented into a small hole in the skull overlying the cerebral cortex to serve as a reference electrode. For access to IC and CN, a small hole was made on the dorsal surface of the skull based on stereotaxic coordinates. A local anesthetic (lidocaine) was applied to the surgical area. The bat recovered from surgery for at least 2 d before physiological recordings.
Acoustic stimulation and physiological recording. We recently described details of materials and methods for generating acoustic signals and recording neural potentials (Yavuzoglu et al., 2010) . Only key elements are included here. Search stimuli were noise bursts of 61 ms duration, 0.5 ms rise-fall time, 4 per second. Test stimuli included tone bursts or combinations of tone bursts of 4 -61 ms, 0.5 ms rise-fall time, 4 per second. All stimuli were generated digi- Tracer deposit and response properties at a facilitatory combination-sensitive recording site in the IC. A, FG deposit site in left IC. B, Reconstruction of penetration culminating in the FG deposit. Black shape indicates center of deposit; gray shape indicates our estimate of the uptake zone for transport. Orientation (D, Dorsal; M, medial) and scale apply to both A and B. DC, Dorsal cortex of the inferior colliculus; Ex, external nucleus of the inferior colliculus; DPD, dorsoposterior division of the central nucleus of the inferior colliculus, representing frequencies of ϳ57-64 kHz; MD, medial division of the central nucleus of the inferior colliculus, representing frequencies Ͼ64 kHz. C, Frequency response function obtained with 30 ms tone bursts attenuated 30 dB below maximum speaker output. Excitatory responses were observed only in the vicinity of the high BF. D, Rate-level functions for BF and best facilitatory low frequency (LF, Low frequency) in response to 4 ms tone bursts. E, Combination-sensitive facilitation is evident in two-tone delay tests using 4 ms tone bursts. The response to the BF signal (85 kHz, 29 dB SPL) was strongly facilitated when the best facilitating signal (26 kHz, 64 dB SPL) was presented 12 ms in advance of the BF signal. Note also low-frequency inhibition of the response to BF at some delays.
tally and converted to analog signals at 500 kHz. The speaker was placed 10 cm away from the animal and 25°into the sound field contralateral to the IC or 25°into the sound field ipsilateral to the CN under study. The frequency response of the entire acoustic system had a gradual roll-off of ϳ3 dB per 10 kHz. Harmonic distortion was not detectable 60 dB below the signal level.
For electrophysiological recordings, the bat was placed in a heated, custom-made stereotaxic apparatus housed in a single-walled acoustic chamber lined with polyurethane foam to reduce echoes. If the bat showed signs of discomfort, it was lightly sedated with butorphanol (0.05-0.1 mg/kg, s.c.). Recording sessions typically lasted 4 -6 h and were limited to one session per day.
The evoked activity of clusters of a few neurons (multiunit responses) was recorded using micropipette electrodes filled with 1 M NaCl (tip diameters: 2-4 m) or with a neural tracer to mark the recorded neurons (see below, Histological methods). Electrodes were advanced by a hydraulic micropositioner. For IC experiments, the penetrations were angled ϳ18°from lateral to medial to enter the medial, high-frequency subdivision. For CN experiments, stereotaxic coordinates developed in our laboratory (Marsh et al., 2006 ) guided penetrations; electrodes were angled ϳ12°from medial to lateral from an entry point on the dorsal surface of the cerebellum. Extracellular action potentials from the recording electrodes were amplified, bandpass filtered (600 -6000 Hz), and digitized at a 40 kHz sampling rate. Custom-made software calculated the time of occurrence of the spikes and displayed poststimulus time histograms, rasters, and basic statistics on the neural responses in real time.
Electrodes without tracer were used to map neural activity within the IC or CN. Responses to tone bursts were examined at regular intervals (100 -200 m for IC, 50 -100 m for CN). We identified best frequency (the frequency requiring the lowest intensity to elicit stimulus-locked spikes) and minimum threshold (MT; the lowest sound level to elicit stimulus-locked spikes). In IC, we evaluated combination sensitivity as described below. These penetrations established the borders and frequency organization in the area of interest as well as the locations of response properties for subsequent tracer deposits.
Tracer deposits. Tracer deposits in IC were made at high-BF sites (Ն 57 kHz) showing combination-sensitive facilitation, while deposits in CN were made at either low-BF sites (23-30 kHz) or at high-BF sites (Ն 57 kHz). After an electrode without tracer revealed the presence of response properties appropriate for a tracer deposit, the electrode was replaced with a tracer-filled electrode at the same location. With the tracer-filled electrode, multiunit response properties at the site to receive the deposit were examined in detail. First, BF and MT were obtained audiovisually. Subsequent quantitative tests examined responsiveness across a broad frequency range (10 -110 kHz) at one or more attenuation values and across a range of sound levels at BF. We used a two-tone stimulus paradigm to evaluate the presence of low frequency-evoked interactions with high-BF excitatory responses. One tone was set to the multiunit BF and presented 10 dB above its threshold. The second tone (a lower frequency signal) was set to frequencies within the fundamental of the biosonar call (23-30 kHz) and varied over a range of intensities and timing (delays) relative to the BF signal. Delay sensitivity was evaluated in 2 ms steps. Typically, short duration stimuli (4 ms) were used to reveal maximum temporal sensitivity. Neurons were considered to show low frequency (combination-sensitive) facilitation of high-BF signals if the response to the combination of tones was at least 20% greater than the sum of the individual responses to the low and highfrequency tones. These criteria have been used extensively in our past studies (e.g., Portfors and Wenstrup, 1999; Sanchez et al., 2008; Gans et al., 2009) . After completion of all tests, a tracer was deposited iontophoretically from the recording electrode.
In the mustached bat IC, at least 25% of high-BF neurons display combination-sensitive facilitation Wenstrup, 1999, 2001; Nataraj and Wenstrup, 2005) that is distributed throughout the dorsoventral and rostrocaudal dimensions of the central nucleus of the IC (Portfors and . As a result, any tracer deposit in these high-BF representations will identify inputs to large numbers of facilitatory neurons. To maximize retrograde labeling of the neurons providing facilitatory input, we often made two deposits of FluoroGold (FG, 2% in filtered 0.9% saline; FluoroChrome) at different physiologically identified sites. FluoroGold was ejected using pulsed current (ϩ5 A; 7 s on/off) for 5-8 min. Due to the smaller size of CN, we made single deposits of anterograde tracers that featured more focused deposit sites. FluoroRuby (FR, tetramethylrhodamine dextran, molecular weight 10,000, 8 -10% in filtered 0.9% saline; Invitrogen) was ejected using pulsed current (ϩ 5 A; 7 s on/off) for 10 -20 min. Biotinylated dextran amine (10% in filtered 0.9% saline; Invitrogen) was ejected using pulsed current (ϩ 5 A; 7 s on/off) for 10 -15 min. For all deposits, the tracer pipette was kept in the brain for at least 5 min after the deposit to minimize accidental ejection of residual tracer during the retraction of the electrode. In some animals, both IC and the contralateral CN received tracer deposits. Typically, IC deposits at high-BF, combination-sensitive sites were placed first, followed by deposits at low-BF sites in CN.
Histological methods. Animals used in transport studies survived 5-8 d before they were euthanized. Each animal was killed with an overdose of Fatal Plus (Ͼ100 mg/kg, i.p., Vortech). Following loss of corneal and withdrawal reflexes, the animal was perfused through the left ventricle with phosphate-buffered saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The skull was removed and the brain was blocked in a transverse plane angled 15°d orsocaudal to ventrorostral. After removal, the brain was stored overnight at 4°C in a 30% sucrose-phosphate buffer solution and then sectioned on a freezing microtome at a thickness of 35-40 m. Sections were collected from the cochlear nucleus through the auditory cortex in three alternating series. Typically, one series was mounted on gelatincoated slides and stained with cresyl violet to identify cytoarchitectural boundaries. One or two series to be used for fluorescence were mounted on gelatin-coated slides and coverslipped with DPX.
In several experiments, the third series was reserved for glycine immunocytochemistry using antisera compatible with paraformaldehyde fixa- tion. Preparation and evaluation of polyclonal rabbit anti-glycine by the manufacturer (Immunosolution Pty, catalog no. IG1001) followed established procedures (Pow and Crook, 1993; Pow et al., 1995) . Procedures for use in mustached bats and labeling in the auditory brainstem were described previously (Yavuzoglu et al., 2010) . Briefly, sections were placed in a blocking solution and then incubated with polyclonal rabbit anti-glycine (dilution 1:1000) followed by Alexa Fluor 488-goat antirabbit secondary antibody (1:250; Invitrogen, #A11008). Sections were mounted, cleared, and coverslipped with DPX. Optimum labeling was determined by testing antibody dilutions of 1:750, 1:1000, and 1:1500.
Several controls were conducted to demonstrate that anti-glycine staining was specific. In one bat, a preadsorption control was performed with the manufacturer's thyroglobulin-glycine antigen (Immunosolution, catalog no. GLYG02). Antigen (25 l per ml of blocking solution) was incubated overnight at 4°C with the primary antibody (1:1000 dilution). We observed specific labeling of cells in the medial nucleus of the trapezoid body (MNTB) in normal anti-glycine immunocytochemistry (Fig. 1, A) but no specific labeling of MNTB cells in the preadsorbed control (Fig. 1,  B) . The nonspecific labeling of MNTB cells in the preadsorbed control was comparable to cell staining in the IC, which does not contain glycinergic cells (Winer et al., 1995) . We also performed immunocytochemistry with omission of primary or secondary antibodies. Specific staining was eliminated in these omission control series.
Data analysis. Retrogradely labeled and immunolabeled cells and anterogradely labeled presumptive boutons in the brainstem were plotted using a Zeiss Axioplan II microscope and Neurolucida reconstruction system (MBF Bioscience). We used several criteria to identify labeled cells and axons. Labeling must be clearly differentiated from the background labeling in the nucleus and surrounding region. This is accomplished by examining each area in the "appropriate" filter as well as other filters; the latter comparison reveals nonspecific crossover that is characteristic of background labeling or especially intense "real" labeling. By comparing across filters and areas, it is possible to attain a consistent decision on labeling. To further ensure objective analyses, each conclusion that depended on the presence or absence of double-labeling (FG and anti-glycine) or proximity of labeling (FGlabeled cells near FR-labeled axons) was confirmed by direct observation in the microscope by each of the authors. Outlines of brainstem nuclei and subdivisions were drawn in Neurolucida from the unstained DPX-mounted sections, with adjacent Nissl-stained sections serving as references. Cytoarchitectonic boundariesare based on previous work in mustached bats (Zook and Casseday, 1982; Zook et al., 1985; Kössl and Vater, 1990; Vater, 1995) .
To compare the retrograde labeling in different brainstem nuclei, for each case we counted the FG-labeled cells in each nucleus in one series of sections. We then divided that number by the total number of FG-labeled cells to represent the percentage of total FG-labeled cells in each nucleus. We then computed the mean and sample standard deviation of those percentages for each nucleus across the nine successful transport cases; this is expressed as "Mean Percentage of FG-Labeled Cells." In a similar way, we computed the "Mean Percentage of Double-Labeled Cells"; for each case, we counted the double-labeled cells and calculated the percentage of the population that was present in each nucleus. We then computed the mean and standard deviation of these percentages across the five successful double-labeling cases.
To estimate the potential for synaptic contacts between CN axonal terminals and brainstem cells that project to combination-sensitive recording sites in IC, we used the Neurolucida plots to identify retrogradely labeled cells that were within 50 m of an anterogradely labeled terminal. These cells are considered to be "proximity labeled." In intermediate nucleus (INLL) and ventral nucleus of the lateral lemniscus (VNLL), where proximity-labeling occurs, dendrites extend at least 50 m from the soma Vater et al., 1997) . We computed "Mean Percentage of Proximity-Labeled Cells" (see Fig. 12 ) as described above; for each case, we counted proximity-labeled cells and calculated the percentage of that population that was present in each nucleus. We then computed the mean and standard deviation of these percentages across the five successful proximity labeling cases.
Tracer deposit sites and brainstem labeling were photographed with either a Zeiss Axiocam HRc or HRm camera and AxioVision software (version 4.6; Zeiss) mounted on a Zeiss Imager Z1m fluorescence microscope or a SPOT RT3 camera and SPOT Advanced Plus imaging software (version 4.7) mounted on a Zeiss Axio Imager M2 fluorescence microscope. Adobe Photoshop CS3 was used to overlay injection images, adjust brightness and contrast, and add labels. 
Results

Glycinergic inputs to combination-sensitive recording sites in IC
In nine cases with successful retrograde transport, deposits of FG were placed at caudal IC recording sites with best excitatory frequencies in the range 58 -84 kHz. The neurons exhibited little or no excitatory response to sounds between 23 and 30 kHz, but an appropriately timed signal within that range evoked an enhanced response to the high-BF sound (combination-sensitive facilitation). Figure 2 illustrates response properties at one of these deposit sites (Fig. 2 A) that was made along an electrode penetration that encountered tonotopically increasing BFs from 60 to 93 kHz (Fig. 2 B) . A facilitated combination-sensitive response was identified at the location of an 85 kHz BF response (Fig. 2C) . The multiunit recording showed a weakly nonmonotonic response to BF signals and virtually no response to a low-frequency (LF) signal at 26 kHz (Fig. 2 D) . When the two signals were combined, the response to the BF sound was inhibited at some delays and facilitated at other delays (Fig. 2 E) . For this recording site, the strongest facilitation occurred at a BF delay of 12 ms. The connections underlying the strong facilitation of combinationsensitive IC neurons are the focus of the current study.
FG deposits at facilitatory combination-sensitive sites in IC from the nine cases resulted in many well labeled somata throughout the brainstem (Figs. 3, 4A) . In five of these cases, we also examined glycine immunoreactivity in the structures that contained FG-labeled cells (Figs. 3, 4 B) . Retrograde labeling from a case with two FG deposits having BFs of 79 and 85 kHz (Fig. 2) is illustrated in representative sections throughout the brainstem (Fig. 4 A) , while a quantitative summary of all nine cases is shown in Figure 5A . Roughly half of all labeled cells were located in the nuclei of the lateral lemniscus, mainly in the ipsilateral VNLL and INLL. Other major inputs included the ipsilateral medial superior olive (MSO) and the contralateral CN. In general, the locations of FG-labeled cells within auditory brainstem nuclei were restricted in accord with the tonotopically restricted locations of the IC deposit sites (Fig. 4 A) . These retrograde labeling patterns after restricted IC deposits are consistent with previous studies in the mustached bat (Frisina et al., 1989; Ross et al., 1988; Wenstrup et al., 1994 Wenstrup et al., , 1999 .
Anti-glycine immunolabeling (Glyϩ) was present in nearly every major auditory brainstem structure. Noteworthy exceptions were the IC and dorsal nucleus of the lateral lemniscus (DNLL), which had no labeled cell bodies. These patterns of labeling correspond closely to previous reports in mustached bats (Vater, 1995; Winer et al., 1995; Kemmer and Vater, 1997; Yavuzoglu et al., 2010) . Many nuclei contained both glycineimmunolabeled cells and retrogradely labeled cells; we focus here on those nuclei that contained double-labeled cells.
Double-labeled cells were readily identified in numerous auditory brainstem nuclei (Fig. 3) . The majority-over twothirds-of all double-labeled cells was in the VNLL (Fig. 3D-F,  4 B , 5B). The columnar part of the VNLL (VNLLc) had the highest number of double-labeled cells among auditory brainstem structures (49% of all double-labeled cells), while the multipolar part of the VNLL (VNLLm) (Fig. 3F ) and the intermediate nucleus of the lateral lemniscus (INLL) (Fig. 3C ) had significant numbers, 19 and 11%, respectively (Fig. 5B) . Among structures of the superior olivary complex, the ipsilateral MSO (Fig. 3A) and the lateral superior olive (LSO) (Fig. 3B) had the largest numbers of double-labeled cells, 6% and 8% respectively (Fig. 5B ). Other brainstem structures had few (Ͻ2%) or no double-labeled cells. The results suggest that the ipsilateral VNLL, INLL, MSO, and LSO supply nearly all glycinergic input to facilitative combinationsensitive neurons of IC. Due to the presence of significant numbers of double-labeled cells in superior olivary and lateral lemniscal nuclei, we compared the locations of the labeled cells within these nuclei to their well documented tonotopic organizations Grothe et al., 1992; Vater, 1995) . The dorsolateral parts of these nuclei represent the lowest frequency sounds in the bat's audible range, while higher frequency sounds are represented more ventromedially. Both FG and double-labeled cells were consistently located midway or more along the low-to high-frequency axes of MSO and LSO (Fig. 6) . No FG-labeled cells were present in the dorsolateral (low frequency) MSO or LSO. These findings indicate that ipsilateral LSO and MSO are likely sources of high-frequency but not low-frequency inputs to facilitated combination-sensitive neurons of IC.
Among lateral lemniscal nuclei, double-labeled cells were present in INLL and VNLL (Fig. 7) . In INLL, most double-labeled cells were placed laterally and ventrally, consistent with high-BF tonotopic representations (Ross et al., 1988; Wenstrup et al., l994, 1999; Yavuzoglu et al., 2010) . However, some double-labeled cells were located in the medial INLL (e.g., Fig. 7B, section 56) , near locations that contain low-frequency tuned neurons (Yavuzoglu et al., 2010) . In VNLL, double-labeling patterns were more complex than those in INLL, occurring in multiple foci within both VNLLm and VNLLc. For example, both experiments in Figure 7 reveal two mediolateral bands of labeling in VNLLc, one located dorsally and another placed more ventrally (arrows in Fig. 7A , section 51, and Fig. 7B, section 53) . The dorsal band in VNLLc is associated with labeling after deposits of retrograde tracer deposits in low-frequency IC representations (Ross et al., 1988; Wenstrup et al., 1994; 1999) . These results suggest that both low-frequency and high-frequency tuned neurons in VNLLc and VNLLm project to facilitated combination-sensitive sites in IC. To explore this possibility, we performed the combined tracing experiments described in the next section.
CN inputs to neurons projecting to combination-sensitive IC neurons
In five cases, we sought to identify the locations of brainstem auditory neurons that receive low-frequency input and that project to combination-sensitive recording sites in IC. We combined anterograde tracing after FR deposits in the low-frequency AVCN (e.g., Fig. 8 A, B) with retrograde tracing after FG deposits at combination-sensitive IC recording sites. Although we sometimes observed apparent contacts between FR-labeled boutons and FG-labeled cells, we more often observed FR-labeled boutons in the vicinity of FG-labeled cells (Fig. 9C-E) , which we term "proximity labeling." To characterize the overlap between FR and FG labeling patterns, we plotted proximity-labeled cells, quantified as those FG-labeled cells within 50 m of FRlabeled boutons.
The first case includes the CN deposit and physiology (BF, 26 kHz) illustrated in Figures 8 and 10 . The IC deposits in this case were associated with high-frequency excitation (BFs of 60 and 75 kHz) and delay-tuned facilitation by frequencies in the 25-28 kHz range (Fig. 10 B) . Plots of FG-labeled cells and FR-labeled boutons (Fig. 10 A) revealed overlap in VNLLc, Proximity labeling was present in VNLLm and INLL, but was most prominent in VNLLc (70%). No proximity labeling was observed in MSO or LSO. Results were similar in a second case (Fig. 11 ) in which IC deposit sites had BFs of 74 and 85 kHz with delay-tuned facilitation by 25-27 kHz, and the CN deposit had a BF of 23 kHz. In this case, proximity-labeled cells were observed only in VNLLc (58%) and VNLLm (42%). In both cases, the restricted AVCN deposit sites were evident in anterograde labeling patterns in the superior olive and IC that corresponded to low-frequency tonotopic locations.
Across the five cases that had both IC and CN injections, proximity-labeled cells were most common in VNLLc, where on average 60% of the proximity-labeled cells were observed. Proximity labeling also occurred in VNLLm and INLL in lesser quantities but did not occur in any other brainstem nucleus (Fig. 12) .
These labeling patterns suggest that some neurons within VNLL and INLL receive input from low-frequency tuned neurons in AVCN and project to IC regions containing combinationsensitive neurons.
Discussion
Combination-sensitive facilitation is characterized by an enhanced response when two sounds of different frequencies occur in a specific temporal relationship (Suga, 1989) . The frequency difference can be substantial, up to three octaves, and the temporal relationship can vary from zero to tens of milliseconds. These characteristics suggest that combination sensitivity could contribute to the analysis of complex sounds.
Echolocating animals have provided a focus of research on combination sensitivity. Echolocation depends on analysis of the precise temporal relationships between sonar echo components that can be quite different in frequency. Combination sensitivity is also likely to play a substantial role in analysis of social vocalizations, which typically contain many frequencies in a complex temporal pattern. Segments or syllables of vocalizations typically comprise multiple frequency components in a stereotypical temporal pattern. Combination-sensitive cells could be particularly efficient for detecting and distinguishing syllables or syllable combinations. Accordingly, combination sensitivity has been observed in many nonecholocating animals, including frogs (Fuzessery and Feng, 1983) , songbirds (Margoliash and Fortune, 1992) , mice (Portfors and Felix, 2005) , and primates (Kadia and Wang, 2003) . The characteristics of combination sensitivity are similar across species, suggesting that similar mechanisms may be operating. Our work supports the idea that combination sensitivity is a widespread, generalized phenomenon and, furthermore, closely ties this type of analysis to lateral lemniscal nuclei. In fact, the present data provide new insights into specific functions served by the ventral and intermediate lateral lemniscal nuclei.
Auditory brainstem circuitry underlying combination-sensitive facilitation
Although facilitated combination-sensitive neurons in IC receive glutamatergic and GABAergic inputs, these are unrelated to the facilitatory interaction (Sanchez et al., 2008) . Instead, blockade of glycinergic inputs to IC cells eliminates facilitative combination sensitivity (Wenstrup and Leroy, 2001; Nataraj and Wenstrup, 2005; Sanchez et al., 2008) . Given the apparent lack of such sensitivity in lower auditory nuclei (Portfors and Wenstrup, 2001; Marsh et al., 2006) , we concluded that the facilitation is created by convergence of two sets of glycinergic inputs onto IC neurons. One input is driven by high frequencies, matching the tonotopic location of the target cell and the BF of its glutamatergic inputs. A second input, also glycinergic, is tuned to frequencies 1-3 octaves below BF. Neither glycinergic input evokes spikes on its own, but the combination of both inputs, with appropriate timing, activates spike discharge. How does this occur? Since glycine is generally considered inhibitory, we believe that each input activates an inhibitory conductance related to stimulus onset that, in turn, leads to rebound excitation. If the two rebounds coincide, the neuron discharges a spike. The time window for this coincidence detection mechanism is about 5 ms on average and probably depends on the duration of the rebound (Gans et al., 2009 ).
The present goal was to identify candidates for the facilitating low-frequency and high-frequency glycinergic inputs. These inputs must originate in lower auditory nuclei, the only auditory structures that contain glycinergic neurons (Winer et al., 1995) . Sound duration was 30 ms. Note that high-frequency tones in the range of the BFs of combination-sensitive neurons studied here (58 -84 kHz) did not evoke spikes, even at high sound levels. Tonotopic progression in the penetration that included this recording site is shown in Figure 10 , section 38.
The results identify four likely candidates, VNLL, INLL, LSO, and MSO (Fig. 12) , which together account for Ͼ93% of double-labeled (Glyϩ retrograde) neurons projecting to IC combination-sensitive sites.
Sources of facilitating high-frequency input VNLL, INLL, LSO, and MSO contained double-labeled (Glyϩ retrograde) neurons in locations consistent with highfrequency responses. Cells in the ipsilateral LSO, primarily excited by the ipsilateral ear , are unlikely to be excited by the contralateral stimuli used here. Thus, they are unlikely to contribute significantly to combination-sensitive responses that we observed. MSO neurons in mustached bats have appropriate physiological properties, e.g., onset responses and contralateral excitation , but only a small number provide glycinergic input to IC combination-sensitive neurons. In contrast, glycinergic cells are prominent in the VNLL and, less so, in the INLL (Winer et al., 1995; Vater et al., 1997) . Moreover, many VNLL neurons and some INLL neurons have onset responses corresponding to those expected of inputs contributing to facilitation (Portfors and Wenstrup, 2001) . We conclude that VNLL and perhaps INLL provide most high-frequency glycinergic input that underlies combination-sensitive facilitation. These nuclei share features across many mammals, so they could also underlie facilitative interactions observed in other mammalian species.
Sources of facilitating low-frequency input
The low-frequency input is also likely to originate from VNLL and INLL (Fig. 12) . In VNLLc, a region known in bats to be almost exclusively glycinergic (Winer et al., 1995; Vater et al., 1997) , low frequencies are located dorsally or medially, where we observed retrograde labeling after tracer deposits at IC combination-sensitive recording sites (Ross et al., 1988; Wenstrup et al., 1994 Wenstrup et al., , 1999 . VNLLm has fewer glycinergic neurons, but many are labeled after IC combination-sensitive deposits. In INLL, some double labeling occurred in the medial part that represents frequencies in the 20 -30 kHz range (Ross et al., 1988; Wenstrup et al., 1994 Wenstrup et al., , 1999 Yavuzoglu et al., 2010) . Our anterograde labeling demonstrates that low-frequency AVCN axons terminate close to or on nuclear lateral lemniscus (NLL) neurons that project to combination-sensitive sites in IC. MSO and LSO neurons that project to these IC sites are in high-frequency areas and do not receive low-frequency AVCN input. We conclude that VNLL and INLL are likely sources of the low-frequency, glycinergic inputs that underlie combination-sensitive facilitation.
Technical limitations
Our tracers are unlikely to have labeled all cells or axons that are involved in the circuits of interest. It is also unlikely that our immunohistochemistry labeled every glycinergic cell (Yavuzoglu et al., 2010). More importantly, these experiments cannot demonstrate functional circuitry at a cell-to-cell level, so it remains for more detailed studies to demonstrate functional synapses of ventral CN neurons onto NLL neurons, which in turn provide glycinergic inputs onto combination-sensitive IC neurons. Nonetheless, these results identify likely candidates for the key elements required in the circuitry underlying combinationsensitive facilitation: the presence of glycinergic inputs to the appropriate regions of IC and the strong likelihood that these include both low and high frequency-tuned auditory brainstem neurons with appropriate temporal response properties. When combined with previous anatomical studies of auditory brainstem pathways in the mustached bat and physiological studies of combination-sensitive facilitation in IC, this work provides some of the strongest evidence for a circuit underlying spectral integration in the auditory system.
Combination sensitivity and lateral lemniscal nuclei
An intriguing issue is that a clear tonotopic organization, which characterizes almost all large subcortical auditory nuclei, is not as apparent in VNLL and INLL of most species (see discussion in Benson and Cant, 2008) . Assessments of tonotopic organization are often based on retrograde transport studies after tracer deposits in the IC. Our results provide a possible explanation: if INLL or VNLL neurons project to multiple IC frequency representations, any tracer deposit will label NLL neurons in multiple frequency representations, obscuring a tonotopic order. This is exactly what has been observed in the mustached bat (Frisina et al., 1989; Wenstrup et al., 1994 Wenstrup et al., , 1999 ; this study). We conclude that VNLL and INLL are tonotopically organized, but that this organization is obscured by projections to disparate IC frequency representations.
A different form of combination sensitivity leads to inhibition of the high-frequency response when a low-frequency signal is also present (again, within a specific temporal window). While this inhibitory combination sensitivity is observed in the IC, it arises in INLL and perhaps VNLL. Specifically, the excitatory response of high-BF INLL neurons is inhibited by a lowfrequency, glycinergic input from the MNTB Yavuzoglu et al., 2010) . These INLL cells likely provide glutamatergic projections to the IC that confer similar combination sensitivity onto IC cells. Thus, INLL and the VNLL appear to play essential roles in circuits underlying the two forms of combination sensitivity that have been observed in the IC.
VNLL and INLL are prominent nuclei across mammals (Helfert and Aschoff, 1997; Oertel and Wickesberg, 2002) , but the nuclei are often relatively larger and the subdivisions more readily distinguished in echolocating animals. While it is reasonable to assume that these features may be related to echolocation, this provides little insight into the role of these nuclei in nonecholocating animals. In both echolocating and nonecholocating mammals, VNLL and INLL provide a substantial part of the ascending auditory inputs to the IC (Brunso-Bechtold et al., 1981; Moore, 1988; Cant and Benson, 2006) , including a majority of the glycinergic input (Saint Marie and Baker, 1990) . In a review of the VNLL, Oertel and Wickesberg (2002) suggested that both the nature of the inputs and the response properties of VNLL cells are consistent with a role in pattern recognition, including analysis of the complex temporal intervals present in speech. We propose that VNLL and INLL play an essential role in establishing combination sensitivity across species. This includes both facilitative combination sensitivity, as examined here, and inhibitory combination sensitivity (Yavuzoglu et al., 2010) . These forms of analysis are clearly important in echolocation, but we expect that both forms of combination sensitivity contribute to the analysis of complex sounds including, but not limited to, vocalizations. 
